The 51 human adenovirus (Ad) serotypes fall into six subgenera, A through F (8, 20) . Several adenoviruses of subgenus D exhibit tropism for the human eye (4, 5, 10, 13) , but Ad8, Ad19a, and Ad37 are the only types which are frequently associated with epidemic keratoconjunctivitis (10, 13) . Adenovirus binding to target cells is mediated by its fiber (7, 9, 12, 18) , and the cellular receptor for most adenoviruses, including Ad9 and Ad19p of subgenus D, has been identified recently as the coxsackie adenovirus receptor (CAR) (6, 17, 19) . Ad37 was found recently to use ␣(233)-linked sialic acid as a receptor (2) instead of CAR. Ad9 has been shown to use its penton base to interact with ␣ v integrins not only during internalization, which is the proposed mechanism for most adenoviruses (14) , but also during attachment to target cells (18) . Here, we investigated the role of sialic acid and ␣ v integrins during the early steps of infection for five distinct subgenus D adenoviruses.
Sialic acid is used as a primary receptor by Ad8, Ad19a, and Ad37. Using 35 S-labeled adenoviruses (7) in a virus-cell binding assay (2), we found that the binding of Ad8, Ad19a, and Ad37 to A549 cells was highly sensitive to neuraminidase treatment of the cells (Fig. 1) . We also found that Ad9 and Ad19p binding was sensitive to neuraminidase treatment of cells, but to a lesser extent. These results suggested that the adenoviruses Ad8, Ad19a, and Ad37 all use sialic acid as cellular receptors. At this point, we could not exclude the possibility that sialic acid was also used as a receptor by Ad9 and Ad19p.
The penton base proteins of most, but not all, adenoviruses contain ␣ v -integrin-recognizing RGD (Arg-Gly-Asp) motifs (1) . The ␣ v ␤ 5 integrins have been shown to interact with most adenoviruses, supporting their internalization into the host cell (15) . Nucleotide sequencing and comparison of the respective penton base proteins revealed that they all contained the RGD motif (Fig. 2) . Full-length penton base genes of Ad19p, Ad19a, and Ad37 were generated by PCR (3) and sequenced as described earlier (3) . An incomplete Ad9 penton base gene was generated by PCR (3) and sequenced by Cybergene (Huddinge, Sweden). The RGD-flanking region of Ad8 has been published (1). Other than for the regions flanking the RGD motifs, the Ad9, Ad19a, Ad19p, and Ad37 sequences were highly homologous. Function-blocking monoclonal antibodies (MAbs) against ␣ v integrins inhibited Ad9 and Ad19p binding to A549 cells significantly more than the binding of Ad8, Ad37, and Ad19a to A549 cells ( Fig. 1) . Cotreatment of the cells with neuraminidase and ␣ v MAbs had little additional effect beyond what was achieved with neuraminidase alone (Ad8, Ad19a, and Ad37) or with ␣ v MAbs alone (Ad9 and Ad19p). Taken together, these experiments indicated that sialic acid is a functional attachment molecule for Ad8, Ad19a, and Ad37, and that Ad9 and Ad19p are more dependent on ␣ v integrins for attachment to target cells.
Sialic acid is a functional receptor for Ad8, Ad19a, and Ad37 but not for Ad9 or Ad19p. To determine the role of sialic acid and ␣ v integrins as functional receptors for subgenus D adenoviruses, we treated A549 cells with neuraminidase and/or ␣ v MAbs and infected the cells with the different adenovirus types as described earlier (2) , with the exception that the neuraminidase treatment of the cells was followed by incubation of virus-infected cells on ice for 1 h, washing, and warming of the cells thereafter to 37°C. Our immunofluorescence assays indicated that infection of A549 cells with Ad8, Ad19a, and Ad37 was strongly inhibited by pretreatment of the cells with neuraminidase (Fig. 3) . The efficacy of Ad8 infection decreased by 60% and that of Ad19a and Ad37 infection decreased by 80%, suggesting that sialic acid is a functional receptor for these viruses. These data agree with an earlier observation that Ad8 partially competes for Ad37 binding to conjunctival cells (12) .
We then assayed the ability of subgenus D adenoviruses to infect A549 cells preblocked with ␣ v MAbs (Fig. 3) . ␣ v MAbs did not appreciably decrease the infectivity of Ad8, Ad19a, and Ad37, and the combination of neuraminidase and ␣ v MAbs had no additional effect compared to neuraminidase alone. This supports the suggestion that sialic acid is used as a functional receptor for Ad8, Ad19a, and Ad37.
Even though the binding assay indicated that sialic acid may support Ad9 and Ad19p attachment to some extent (Fig. 1B  and C, respectively) , the infectivity assay clearly demonstrated that a productive infection by Ad9 or Ad19p does not require sialic acid (Fig. 3B and C) . Rather, we found that Ad9 infectivity for A549 cells was significantly inhibited by ␣ v MAbs (Fig. 3) , while Ad19p infectivity was not inhibited. The Ad9 result agrees with the previous finding that preincubation of A549 cells with soluble penton base decreased Ad9 virion binding (18) , presumably by blocking access to ␣ v integrins acting as receptors. The combined treatment of neuraminidase and ␣ v MAbs did not further inhibit Ad9 binding or infection compared to treatment with ␣ v MAbs alone. Uniquely, the variable region of the Ad9 penton base contains three threonines immediately upstream of the RGD motif (Fig. 2) . This is also a feature of vitronectin and fibronectin, proteins which interact efficiently with ␣ v integrins. One possible explanation for the unusual ability of Ad9 to interact with ␣ v integrins could be the presence of these threonines. Most adenoviruses have been shown to interact with the ␣ v ␤ 5 integrin heterodimer, and the most efficient interaction is exhibited by Ad37 (15). The relative efficiency by which Ad9 interacts with this integrin has not been determined, but from the data presented here and from the data of others (18), we would expect this interaction to be among the most efficient.
It has been shown previously that Ad19p virions interact with ␣ v ␤ 5 integrins (15) . In the binding assay we found that ␣ v integrins were used by Ad19p, but only to a limited extent. In the infectivity assay we found that Ad19p infection was independent of ␣ v integrins, and a combination of neuraminidase treatment and ␣ v MAb preincubation had little or no effect on the entry of Ad19p. This was unexpected, since the binding assay indicated that sialic acid and ␣ v integrins together accounted for 74% of the total binding. In part, this may be explained by the known interaction between Ad19p and CAR (17) . It may also be that sialic acid and/or ␣ v integrins are used by Ad19p for binding and internalization but Ad19p is less competent in replication. The high particle/PFU ratio (1,600:1) found for Ad19p (11) supports this suggestion.
Sialic acid appears to be a functional cellular receptor for the adenovirus types that cause epidemic keratoconjunctivitis (i.e., Ad8, Ad19a, and Ad37), and it is found on the surface of many cell types. Consequently, the reason for the limited tropism of these viruses may lie at a postattachment level (i.e., during early replication), or at an even later point, during cell-cell spread. The latter consideration has been neglected somewhat in discussions of virus tropism.
Adenoviruses have been used as vectors for gene therapy, but with limited success (16, 21) . Here, we demonstrated that a selected group of adenoviruses uses sialic acid as a primary, functional receptor. Since sialic acid is expressed on most cells, including erythrocytes, these findings should be useful for the application of adenovirus-based vectors in human gene therapy. 
